Abstract-In this paper, a novel and simple solution for generating vortex electromagnetic wave and reducing divergence simultaneously in a wideband is presented. Based on phase gradient metasurface, we design a metasurface that can convert an ordinary electromagnetic wave into a vortex one and focus the vortex wave in X-band. Double layer rectangular metal patch units of different sizes are arranged in a certain order to compose the metasurface. The phase introduced by the metasurface is superimposed by the vortex phase and focusing phase. Compared to a general vortex wave metasurface, the simulation results show that the divergence of the reflected vortex wave generated by our designed metasurface is dramatically reduced in the frequency range from 8 GHz to 12 GHz. It is indicated that the designed metasurface has a highly efficient focusing effect, and it is also in a good agreement with the theoretical analysis. The proposed reflective metasurface paves an effective way to reduce the divergence of vortex electromagnetic wave for OAM-based system in microwave and radio frequency.
INTRODUCTION
The angular momentum contains a spin angular momentum (SAM) in relation to the polarization [1] and an orbital angular momentum (OAM) associated with the spatial distribution [2] . Although the OAM has long been recognized, it was not until 1992 that Allen et al. demonstrated light beams with an azimuthal phase dependence of e −jlφ possessing an OAM [3] . Theoretically, the topological charge of OAM can be any integer value, and it will be many times greater than the SAM. As the orthogonality between different topological charges contributes to distinguish an electromagnetic wave with the same frequency by OAM, the information can be modulated by the helical wave-front, which can boost communication capacity [4, 5] . Vortex waves carrying OAM, characterized by having a helical wave-fronts and an intensity null running along the axis of the beam [6] , have drawn great attention of worldwide academia. In the last few years, OAM applied to optics has been explosively developed [4] [5] [6] [7] [8] [9] , while the researches of OAM in the radio frequency region move slowly for a long time. Until 2007, Thide et al. applied the theory of OAM to low frequency region and proved that vortex wave can be generated by circular antenna array [10] . Thus, the application of OAM in the microwave and radio domains is growing more and more popular. In 2010, Mohammadi et al. studied the vortex waves generated by a circular antenna array theoretically [11] . And later, Tamburini et al. confirmed that the wireless communication via vortex waves could become a reality by experiment [12] .
Over the years, there are many progressive explorations on the application of vortex wave in multidisciplinary field such as communications [12] , detection [13] and imaging [14] for its obvious advantages. The generation of vortex wave is the basis for the application of vortex wave. Therefore, how to generate vortex wave effectively becomes one of the most important aspects of OAM-based system. Thus far, the vortex wave can be generated by antenna arrays [10] , spiral phase plate [11] , helicoidal parabolic antenna [15] , circular traveling-wave antenna [16] , and metasurfaces [17] [18] [19] [20] [21] [22] [23] [24] . Metasurface was used to generate vortex wave because of its ability to manipulate electromagnetic wave flexibly and the advantage of its thin structure [25] . Although fruitful progress has been achieved toward OAM across both optical and radio frequency domains, vortex wave generation is mostly limited to a narrow frequency band, and the angle of wave divergence is big that calls for immediate solution.
Due to the divergence characteristics of vortex wave, the center dark nucleus with zero intensity becomes larger and larger with the increase of the propagation distance. This paper devotes to the vortex wave generation and the divergence problem of the vortex wave. Since metasurface can flexibly change the phase and wave-front of the electromagnetic wave, we designed a simple reflective metasurface that can generate a vortex wave and reduce the divergence of the vortex wave from 8 GHz to 12 GHz. In our case, we firstly designed a general vortex wave metasurface as a reference. The generated vortex wave is focused by adding a focusing phase distribution to the proposed vortex wave generating metasurface. The simulation results show that the proposed metasurface makes the vortex wave converge effectively, constituting an important result for OAM-based system.
METASURFACE DESIGNS
By using the generalized Snell's laws, the phase gradient metasurface provides a new way for the OAM generator design [26] . From the spiral phase structure of vortex electromagnetic wave, we can know that the basic principle of vortex electromagnetic wave generation is to construct this phase distribution on the cross section perpendicular to the direction of propagation. In order to generate a vortex wave in a wide frequency band, the gradient of phase along the interface should be insensitive to frequency, which means that the phase difference of separate elements should remain basically unchanged in the design frequency band.
In our case, Figure 1 shows the geometry details of the unit cell. Each unit cell consists of two substrates and three metal layers. The period length of the unit cell is p = 11 mm, and the thickness of the metal is t = 0.017 mm; the length of the metal on the top is a 1 = 0.8 · a 2 . The substrate layers are F4B (ε r = 2.65), and the substrate thickness is set to d = 1.5 mm.
By changing the length of the metal layer a 2 in the middle of the unit structure, the phase varies in the frequency range from 8 GHz to 12 GHz. It can be seen from Figure 2 that the reflection phase covers 0 − to − 2π. The simulation results show that the reflection phase of the designed unit cell changes slowly at different frequencies and has good parallelism, which satisfies the requirement of phase difference coverage 0 − to − 2π and is beneficial to the realization of 8 GHz to 12 GHz wideband vortex wave metasurface designs. Based on the reflection phase characteristics of the single element, shown in Figure 2 , we consider eight elements to cover the range. The concrete designed parameters and the corresponding reflection phases are shown in Table 1 as well.
The design of metasurface is divided into the design of a general vortex wave metasurface and the design of a metasurface to focus the generated vortex wave. 
Metasurface for Generating Vortex Wave
To get vortex wave with an OAM mode number of l, a rotational phase factor e −jlφ related to the spatial azimuth should be added to the ordinary electromagnetic wave. If we consider a metasurface consists of M × N elements, a feeding antenna was taken as the excitation source at the position vector r f impinging perpendicular incidence onto the structure, then, the phase shift required at each element for the OAM vortex wave at position P (x mn , y mn ) can be obtained by:
where k 0 is the wave vector, r mn the position vector of the element, mn the position of column n in row m, and φ mn the azimuthal angle of the mn element on the metasurface. Based on the reflection phase characteristics of the single element illustrated in Figure 2 , we consider these eight units (Table 1) to cover the 0 − to − 2π range. The compensation phase of each position P (x mn , y mn ) is calculated according to Equation (1) and shown in Figure 4 (a). The metasurface is designed to generate a vortex wave from 8 GHz to 12 GHz. As shown in Figure 4(b) , the metasurface is a square array with the dimension of 330 mm × 330 mm, containing 30 × 30 elements with period size 11 mm × 11 mm. A Vivaldi antenna shown in Figure 3 is used as the feeding source in normal incidence. The distance between the Vivaldi antenna and the metasurface is 70 mm.
Metasurface for Focusing Vortex Wave
The vortex wave has a dark nucleus existing in the boresight direction, where the field intensity is zero, and the opening angle of the magnitude distribution along the propagation direction will get bigger as it propagates. To further reduce the divergence of the vortex wave, according to the principle of phase compensation, the phase distribution at the interface should satisfy the following Equation (2).
When the electromagnetic wave is incident vertically, the reflected wave will be focused according to the knowledge of geometric optics [27] [28] [29] [30] [31] .
where F is the focus length. After the phase parameter is determined (Figure 4 (c) ), the layouts of converging OAM-carrying metasurface can be readily achieved (Figure 4(d) ) by conducting a geometrical mapping process.
SIMULATIONS AND ANALYSIS
The simulations were accomplished via the software CST Microwave Studio. The time domain solver is used for simulation, and the boundaries at the x, y and z directions are set as open (add space). The feeding antenna is located in front of the designed metasurface with 70 mm along the z-axis. On the one hand, the magnitude distribution ( Figure 5 and Figure 8 ) and the phase distribution ( Figure  6 and Figure 9 ) of the reflected wave indicate that, by impinging the feeding source on the reflective metasurface array, the wave-front of the reflected wave will be of helical form, and have a central singularity. It reveals that vortex wave is effectively generated by the proposed metasurface. On the other hand, when we consider combining focusing phase to reduce divergence, the reflected wave carrying spiral phase wave-front can be focused on certain point under the incidence. The simulation results of magnitude distribution for generating converged vortex wave are shown in Figure 8 , and the corresponding phase distribution is shown in Figure 9 . It can be observed clearly that the vortex wave converges as we proposed before. 
Converged Vortex Wave Generation
The distributions of E-field at z = 200 mm and z = 300 mm, and z = 400 mm are shown in Figures 5  and 6 , respectively. The energy of each vortex wave would decrease according to propagation distance.
Comparing the results at different distances, we can see that the helical form of the wave-front has not changed, and the generated vortex wave maintains a good stability as it propagates ( Figure 6 ). In the meanwhile, the diameter of the ring-shape E-field intensity distribution generated by the converged vortex wave generator in Figures 5(d) , (e), (f) is obviously smaller than that of the vortex wave generator in Figures 5(a), (b) , (c). The simulation results for the normalized magnitude of the vortex wave generated by the designed metasurface along y-axis changing with propagating distance are shown in Figure 7 . For the distances of z = 200 mm, z = 300 mm, and z = 400 mm, the diameter of the central hole of the vortex wave generated by the focusing metasurface is 60% of that of the vortex wave generated by the no-focusing metasurface (Table 2) . It illustrates that the metasurface for focusing vortex wave can concentrate the energy of the vortex beam into a smaller region, which is promising in OAM-based communication system. 
The Wideband Vortex Wave Behavior
To further illustrate the wideband converged vortex wave behavior, we presented E-field distribution results of the converged vortex metasurface from 8 GHz to 12 GHz in steps of 2 GHz. Similarly, the vortex wave with a central singularity in all cases and the phase distribution will be of helical form ( Figure 9 ). The vortex wave of the same mode has different divergences at different frequencies, and the focus also has some deviation at different frequencies. Therefor, the reduction of divergence is also different at different frequencies. However, overall the consequences of different frequencies are consistent with that of 10 GHz (Figure 8 ). It can be seen that the diameter of the central hole is always about 55-65% of that of the vortex wave generated by the no-focusing metasurface ( Figure 10) . Specific values are shown in Table 3 . By observing the phase wave-front variation at different frequencies, we can find that the operational bandwidth of the proposed reflective metasurface for vortex wave generating and focusing is from about 8 GHz to 12 GHz. 
CONCLUSION
A simple design of generating and focusing vortex wave with a metasurface in X-band is presented in this paper. Simulation demonstrated that vortex wave can be effectively generated with the metasurface in the wideband from 8 GHz to 12 GHz. Furthermore, by combining the spatial phase distribution of the vortex beam with that of a focusing phase, a converged vortex wave is obtained. Simulation results show that the diameter of a focused vortex wave is smaller than the regular vortex wave with the same topological charge. Compared to the traditional method of adding a parabolic reflector to the vortex wave generator, the complexity of the device is greatly reduced. We believe that our results provide an efficient alternative for generating vortex wave and reducing divergence simultaneously in the microwave region.
Since information can be encoded as OAM states, the proposed configuration may provide an effective way to generate vortex waves and less likely to suffer from divergence along the propagation path for OAM-based microwave wireless communication applications, which will greatly promote the study and application of vortex wave. With future improvement, we will explore the impact of focus setting and feeding source location on the effect of improving divergence. Subsequent experiments will be conducted to verify the relevant data.
